Mutations in RAS signaling pathway components cause diverse neurodevelopmental disorders, collectively called RASopathies. Previous studies have suggested that dysregulation in RAS-extracellular signal-regulated kinase (ERK) activation is restricted to distinct cell types in different RASopathies. Some cases of Noonan syndrome (NS) are associated with gain-of-function mutations in the phosphatase SHP2 (encoded by PTPN11); however, SHP2 is abundant in multiple cell types, so it is unclear which cell type(s) contribute to NS phenotypes. Here, we found that expressing the NS-associated mutant SHP2 D61G in excitatory, but not inhibitory, hippocampal neurons increased ERK signaling and impaired both long-term potentiation (LTP) and spatial memory in mice, although endogenous SHP2 was expressed in both neuronal types. Transcriptomic analyses revealed that the genes encoding SHP2-interacting proteins that are critical for ERK activation, such as GAB1 and GRB2, were enriched in excitatory neurons. Accordingly, expressing a dominant-negative mutant of GAB1, which reduced its interaction with SHP2
INTRODUCTION
Dysregulation of the RAS-extracellular signal-regulated kinase (ERK) signaling pathway is associated with multiple neurodevelopmental disorders, which are collectively known as RASopathies, including Noonan syndrome (NS), neurofibromatosis, Costello syndrome, LEOPARD syndrome, cardio-facio-cutaneous syndrome, Legius syndrome, and others (1) (2) (3) . Most of the mutations in RASopathies lead to hyperactivation of RAS-ERK signaling (4-7), and RASopathies share clinical symptoms such as growth delay and congenital heart defects (1, 2) . RAS-ERK signaling is critically involved in synaptic plasticity, learning, and memory (8, 9) . Accordingly, cognitive deficits, including learning disabilities and intellectual disability as well as synaptic plasticity impairments, are common in RASopathies (1, 2, 10, 11) . Although RAS-ERK pathway is a ubiquitous signaling pathway, several studies have shown that RASopathies cause abnormalities specific to certain cell types in the brain. For example, haploinsufficiency of Nf1 enhances ERK signaling primarily in -aminobutyric acid (GABA)-secreting neurons (12, 13) . Similarly, a mutant mouse harboring an NS-associated KRAS mutation showed enhanced ERK signaling specifically in GABAergic interneurons (14) . RASopathy-associated deficits are not restricted to inhibitory neurons. For example, mutations in Syngap1 were shown to affect excitatory synaptic transmission (15) . However, the determinants for these cell type-specific phenotypes in RASopathies remain unknown.
NS is relatively common among RASopathies (affecting 1 in 2500 live births), which is characterized by short stature, craniofacial problems, heart defects, and cognitive deficits (3, 6, 7, 16) . SHP2 is a SRC homology 2 (SH2) domain-containing nonreceptor protein tyrosine phosphatase encoded by the PTPN11 gene (17, 18) . SHP2 is required for full activation of RAS-ERK pathway in receptor tyrosine kinase and cytokine receptor signaling pathways, implying that SHP2 is a positive regulator for RAS signaling (17) . Gain-of-function mutations in the PTPN11 gene, which hyperactivate RAS-ERK signaling, are responsible for the majority of NS cases (3, 6, 17) . NS-associated PTPN11 mutations interrupt the interaction between the autoinhibitory N-terminal SH2 domain and the central catalytic domain, which results in the constitutive activation of SHP2 (19) . SHP2 mutant also showed the increased binding affinity to its binding proteins such as GAB1 [GRB2 (growth factor receptor-bound protein 2)-associated binding protein 1], which contributes to sustained ERK activation in response to growth factors (20) .
Knock-in mice expressing NS-associated SHP2 mutations show NS-like phenotypes including growth delay, heart defects, and spatial memory deficits (21) (22) (23) (24) . In addition, forebrain-specific knockout of Ptpn11 also impairs spatial memory in mice, indicating that Ptpn11 plays an important role in memory processing (25) . SHP2 is expressed in mitotically active cells in the developing brain but is restricted to neurons and activated astrocytes in the adult brain (26, 27) . Shp2 expression in the adult mouse is not specific to a particular neuronal subset, and therefore, SHP2 is found in both excitatory and inhibitory neurons (25, 26, 28) . Previous studies have used either mutant mice or adeno-associated virus (AAV)-mediated expression of NS-associated mutations, which cannot discriminate neuronal cell types (23, 25) . Therefore, it is not clear which cell type is critically involved in the mutant SHP2-mediated deficits in synaptic plasticity and memory. In this study, we explored the cell type responsible for the synaptic plasticity and memory deficits in SHP2 mutant-associated NS.
RESULTS

Expressing SHP2
D61G in hippocampal excitatory neurons impairs spatial learning and memory To investigate the underlying mechanism and define the cell type responsible for the deficits in synaptic plasticity and spatial memory associated with NS, we expressed the SHP2 D61G mutant, which is found in a severe form of NS in a cell type-specific manner. SHP2 D61G is a constitutively active gain-of-function mutant that increases the phosphatase activity of SHP2, as well as the basal activity of ERK (23, 29) . We injected a Cre recombinase-dependent AAV vector expressing the SHP2 D61G mutation into the dorsal hippocampus of either CaMKII-Cre or vesicular GABA transporter (vGAT)-internal ribosomal entry site (IRES)-Cre mice (Fig. 1A) . This strategy permitted selective expression of SHP2 D61G in either CaMKII + excitatory or vGAT + inhibitory neurons (30) (31) (32) . Immunohistochemistry (IHC) analyses showed specific expression of hemagglutinin (HA)-tagged SHP2 D61G in either pyramidal or nonpyramidal neurons in the hippocampal CA1 region of CaMKII-Cre or vGAT-IRES-Cre mice, respectively (Fig. 1B) .
We compared the performance of CaMKII-Cre::SHP2 D61G mice and CaMKII-Cre::enhanced yellow fluorescent protein (EYFP) control mice in the Morris water maze (MWM) task to test the effect of SHP2 D61G expression in excitatory neurons on spatial learning and memory. CaMKII-Cre::SHP2 D61G and CaMKII-Cre::EYFP mice exhibited comparable latencies to locate a hidden platform during training sessions (Fig. 1C) . However, when spatial memory was assessed after 3 days of training (first probe test), CaMKII-Cre::SHP2 D61G mice spent less time in the target quadrant (TQ, where the platform was located during training sessions) than CaMKII-Cre::EYFP mice (Fig. 1D) . Moreover, CaMKII-Cre::SHP2 D61G mice searched farther from the target than control CaMKII-Cre::EYFP mice in the first probe test (Fig. 1E) D61G showed comparable performance to CaMKII-Cre::EYFP mice after 2 days of additional trainings (fig. S1, C and D), which suggests that CaMKII-Cre::SHP2 D61G mice can learn spatial memory tasks, but at a slower rate than control mice. Next, CaMKII-Cre::SHP2 D61G and CaMKII-Cre::EYFP mice were subjected to object-place recognition (OPR) test, which is another hippocampus-dependent task (33) . In the test session, 24 hours after training to test long-term memory, CaMKII-Cre::EYFP mice showed preference for the relocated object, whereas CaMKII-Cre::SHP2 D61G mice did not (Fig. 1F) . However, when the mice were tested 1 hour after training, both CaMKII-Cre::SHP2
D61G
and CaMKII-Cre::EYFP showed preference for the relocated object ( fig. S2 ), demonstrating that short-term memory is intact in CaMKII-Cre::SHP2 D61G mice. To examine the impact of SHP2 D61G expression restricted to inhibitory neurons on learning and memory, we injected the floxed AAV vector encoding SHP2 D61G or EYFP into the hippocampus of vGAT-IRES-Cre mice (Fig. 1B) . vGAT-IRES-Cre::SHP2 D61G mice performed comparably to control vGAT-IRES-Cre::EYFP mice during learning and probe trials (Fig. 1, G to I, and fig. S1 , E and F). Moreover, both vGAT-IRES-Cre::SHP2 D61G and vGAT-IRES-Cre::EYFP mice showed significant preferences for the relocated object in OPR testing (Fig. 1J ). These data suggest that SHP2 D61G expression in CaMKII + , but not in vGAT + hippocampal neurons, is critically involved in the hippocampus-dependent memory deficits associated with NS.
Expressing SHP2
D61G in excitatory, but not in inhibitory neurons impairs long-term potentiation Hippocampal long-term potentiation (LTP), a cellular mechanism that is critical for spatial learning and memory, was shown to be impaired in mouse models of NS expressing SHP2 D61G without cell type specificity (23) . We recorded field excitatory postsynaptic potentials (fEPSPs) from hippocampal CA3-CA1 Schaffer collateral pathway to investigate the effect of cell type-specific expression of SHP2 D61G on the synaptic plasticity. Expressing SHP2 D61G in excitatory or inhibitory neurons did not affect basal synaptic transmission ( fig. S3 , A and C). Paired-pulse facilitation (PPF) ratios also did not differ between groups ( fig. S3 , B and D). LTP was significantly decreased in hippocampal slices from CaMKII-Cre::SHP2 D61G mice (Fig. 2, A and B) . In contrast, vGAT-IRES-Cre::SHP2 D61G and vGAT-IRES-Cre::EYFP mice showed similar readouts of LTP (Fig. 2 , C and D). These results indicate that dysregulation of SHP2 in excitatory neurons is sufficient to impair long-term synaptic plasticity, a finding consistent with the behavioral phenotype of these mice.
SHP2
D61G activates ERK in cell type-specific manner We then investigated how SHP2 D61G mutation in CaMKII + , but not in vGAT + hippocampal neurons, selectively causes LTP and memory deficits. In a previous study, we demonstrated that SHP2 D61G increases RAS-ERK signaling and subsequently impairs hippocampal LTP and learning in mice (23) . Therefore, we hypothesized that SHP2 D61G selectively causes ERK hyperactivation in CaMKII + but not vGAT + neurons. To test this hypothesis, we examined the basal abundance of phosphorylated ERK1 and ERK2 (p-ERK1/2, or more simply p-ERK) in the hippocampal neurons expressing SHP2 D61G in CaMKII-Cre or in vGAT-IRES-Cre mice (Fig. 3, A to D) . The probability of detecting p-ERK was significantly higher in SHP2 D61G -expressing neurons than EYFP-expressing control neurons from CaMKII-Cre mice (Fig. 3B) . In contrast, SHP2 D61G -and EYFPexpressing neurons from vGAT-IRES-Cre mice showed comparable probabilities of detecting p-ERK (Fig. 3D ). In addition, we confirmed that SHP2 D61G also did not increase ERK activation in another population of inhibitory neurons in parvalbumin (PV)-Cre mice ( fig. S4 ), suggesting that SHP2 D61G leads to ERK activation in CaMKII + but not in GABAergic inhibitory neurons such as vGAT + and PV + neurons. Last, to examine whether it is possible to increase ERK activation in inhibitory neurons by manipulating another ERK upstream regulator, we injected a floxed AAV vector encoding KRAS G12V into the dorsal hippocampus of the vGAT-IRES-Cre mice. A previous study showed that KRAS G12V increased ERK activity in interneurons in the mutant mice (14) . Consistently, we found that the detection of p-ERK was significantly increased in KRAS G12V -expressing neurons than in control-expressing neurons in vGAT-IRES-Cre mice, demonstrating that the finding that SHP2 D61G failed to activate ERK in inhibitory neurons was not a false negative (Fig. 3,  E and F , we examined whether RAS-ERK signaling-related genes including RASopathy-associated genes are differentially expressed between excitatory and inhibitory neurons in the mouse hippocampus. We generated cell type-specific reporter mice expressing tdTomato (Ai14 line) in excitatory neurons (CaMKII-Cre) or in the inhibitory neurons (vGAT-IRES-Cre) in the adult hippocampus (30) (31) (32) . Using fluorescent microscopy, the CaMKII + and vGAT + neurons were manually collected from hippocampal lysates of the reporter mice (Fig. 4A ). The quality of sorting was verified by confirming the expression pattern of well-known markers for excitatory and inhibitory neurons by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) ( fig. S6A ). After filtering the RNA sequencing (RNA-seq) data, 11,554 transcripts were obtained that cover 33.5% of the 34,535 Ensembl annotated transcripts [ fig. S6 , B and C; National Center for Biotechnology Information Gene Expression Omnibus (GEO) accession number GSE104089]. A principal components analysis revealed that biological replicates of each experimental group clustered together, confirming the high reproducibility between two libraries ( fig. S6D ). We identified 3482 differentially expressed genes (DEGs) (fold change > 2, P < 0.015) between two cell types (Fig. 4B and table S1 ). Unsupervised hierarchical clustering analysis showed a decisive shift in the neuronal cell type transcriptome in the form of genes with increased and reduced expression in excitatory and inhibitory neurons (Fig. 4C ). The pathway enrichment analyses of the identified DEGs showed that glutamatergic synapse pathway and mitogen-activated protein kinase (MAPK) signaling pathway are enriched in excitatory and inhibitory neurons, respectively ( Fig. 4D and (table S3) . To validate the RNA-seq transcriptome data, the expression of 16 selected genes in RAS-ERK signaling were analyzed by using qRT-PCR, and we confirmed that the genes encoding key components of the RAS-ERK signaling pathway are differentially expressed between CaMKII + and vGAT + neurons (Fig. 4E ). These results demonstrate that RAS-ERK signaling networks are different between excitatory and inhibitory neurons (Fig. 4F ).
D61G -GAB1 interaction mediates ERK hyperactivation Although SHP2
D61G caused ERK hyperactivation selectively in CaMKII + neurons, we found that Ptpn11 (encoding SHP2) was expressed at a similar abundance between these two neuronal types (Fig. 4E ). We then searched for other candidate genes among CaMKII + neuronenriched DEGs, which can bridge SHP2 and RAS. We found that the expression of the genes encoding two previously known SHP2-interacting proteins, GRB2, and GAB1, were significantly higher in CaMKII + neurons than in vGAT + neurons (Fig. 4E ). GAB1 is a member of the GAB family of docking proteins, which are critically involved in ERK activation (34, 35) . Previously, a GAB1-SHP2 fusion protein was shown to hyperactivate RAS signaling, and a dominantnegative mutation of RAS was shown to block fusion protein-mediated RAS hyperactivity, indicating that the GAB1-SHP2 interaction promotes RAS-ERK signaling (36) . GRB2, which also binds to RASactivating protein son of sevenless (SOS), regulates cis interactions between the C-terminal phosphotyrosines and SH2 domain within SHP2 and subsequently regulates ERK signaling (18, 37) . Because the CaMKII + /vGAT + ratio was higher for Gab1 than Grb2 (Fig. 4E) , we decided to test whether GAB1 is a key bridging molecule between SHP2 and ERK in CaMKII + neurons by using a dominant-negative GAB1 mutant (GAB1
Y627F
) that has reduced binding affinity to SHP2 (35, 38 5 , C and D). Because there are multiple differentially expressed RAS-ERK pathway genes between excitatory and inhibitory neurons other than GAB1, it is highly likely that inhibitory neurons still lack other SHP2 downstream molecules required for SHP2 to activate ERK signaling (Fig. 4, E and F) . We coexpressed another adaptor protein, GRB2, together with GAB1 and SHP2 D61G in the hippocampus of vGAT-IRES-Cre mouse. When GRB2 and GAB1 were coexpressed in vGAT + neurons, SHP2 D61G -expressing neurons had increased abundance of p-ERK1/2 compared to control EYFP or GAB1-only expressing neurons in vGAT-IRES-Cre mice (Fig. 5, C and D) . Together, our results demonstrate that SHP2 D61G dysregulates the ERK signaling cascade only in excitatory neurons because inhibitory neurons lack the required adaptor proteins, such as GAB1 and GRB2.
Coexpressing GAB1
Y627F in excitatory neurons reverses the SHP2 D61G -mediated deficits in synaptic plasticity and spatial memory We examined whether expressing GAB1 Y627F in CaMKII + neurons can rescue the LTP deficit in CaMKII-Cre mice expressing SHP2 D61G . We confirmed that CaMKII-Cre::SHP2 D61G mice exhibited a significant LTP deficit compared to that of control EYFP-injected CaMKII-Cre mice (Fig. 6, A and B) . Expressing GAB1 Y627F in CaMKII + neurons rescued the LTP deficits of CaMKII-Cre::SHP2 D61G mice, whereas expression of GAB1 Y627F alone did not affect LTP (Fig. 6B ). This result indicates that reducing the SHP2-GAB1 interaction in excitatory neurons can rescue the LTP deficit caused by SHP2 D61G expression.
We have previously reported that SHP2 D61G increased both the surface expression of -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit GluA1 and the AMPA/ N-methyl-daspartate (NMDA) current ratio, which contribute to the LTP deficit in in Ptpn11 D61G/− knock-in mice (23) . Therefore, we examined whether SHP2 D61G in excitatory neurons exploits the same cellular pathway to disrupt synaptic function by measuring AMPA/NMDA current ratio by performing whole-cell patch-clamp recordings. Consistently, we found that AMPA/NMDA ratio was increased in pyramidal neurons from CaMKII-Cre::SHP2 D61G mice compared to neurons from CaMKII-Cre::EYFP (Fig. 6C) . Moreover, coexpression of GAB1 Y627F in CaMKII + neurons normalized the AMPA/NMDA ratio (Fig. 6C) . We tested whether reducing SHP2 D61G -GAB1 interaction in CaMKII + excitatory neurons also improves spatial memory in SHP2 D61G -expressing mice. We tested spatial memory of AAVinfused CaMKII-Cre mice in MWM (Fig. 6, D to F ). All four groups tested showed similar escape latencies during training sessions (Fig. 6D) . Consistent with our LTP results, mice coexpressing SHP2 D61G and GAB1 Y627F in CaMKII + excitatory neurons spent significantly more time in the TQ than SHP2
D61G
-expressing mice and showed comparable performance to control groups (EYFP or GAB1 Y627F alone) in the first probe test (Fig. 6E) . In addition, CaMKII-Cre::SHP2 D61G /GAB1 Y627F mice swam significantly closer to the platform location than CaMKII-Cre::SHP2 D61G mice during the probe test (Fig. 6F) . With two additional days of training, all groups showed comparable performance in the second probe tests (fig. S9 ). These results demonstrate that reducing the interaction between SHP2 D61G and GAB1 in CaMKII + excitatory neurons restores cognitive function in an NS mouse model.
DISCUSSION
Although cell type-and context-specific dysregulation of RAS signaling in RASopathies have been reported in the brain as well as in other organs, such as the heart, the underlying mechanisms of this specificity are largely not yet understood. For example, it has been shown that expressing an NS-associated SHP2 mutant only in the endocardium, but not in the myocardium or neural crest, resulted in cardiac defects (21) . In the nervous system, deleting Nf1 encoding the guanosine triphosphatase activating protein neurofibromin 1 (NF1) promotes GABA release by increasing ERK-mediated phosphorylation of synapsin in the inhibitory neurons without affecting the excitatory synaptic transmission (12, 13, 39) . Cell type-specific effects of RAS regulators have also been reported in glial cells (40) . Induced pluripotent stem cells derived from a patient with Costello syndrome that harbored an HRAS G12S mutation showed accelerated differentiation to glia, and knock-in mice expressing HRAS G12S also showed dysregulation in astrocytic extracellular signaling (40) . In the present study, we searched for the molecular mechanism that could account for the cell type-specific hyperactivation of RAS signaling by a SHP2 mutant found in NS by using single-cell type transcriptome analyses together with biochemical, behavioral, and electrophysiological approaches. Our transcriptome analysis provides compelling evidence supporting that the previously reported cell type-specific phenotypes are, at least in part, due to cell type-specific or cell typeenriched expression of RASopathy-associated genes. For example, we found that Nf1 is enriched in vGAT + inhibitory neurons, which may explain why Nf1 mutant mice showed enhanced ERK activation primarily in GABAergic neurons (13) . Furthermore, we found that Kras expression is also enriched in inhibitory neurons and consistently, mutant mice expressing a constitutively active KRAS mutant showed an increase in inhibitory synaptic functions (14) . We found that Ptpn11 (Shp2) expression was similar in murine CaMKII + neurons as in vGAT + neurons. Nevertheless, expressing an NS-associated SHP2 D61G in excitatory neurons was sufficient to increase ERK activation and to impair LTP and spatial memory in the mice, whereas expressing SHP2 D61G in inhibitory neurons failed to increase ERK activation and did not affect LTP or spatial memory. In addition to vGAT + neurons, SHP2 D61G did not increase ERK activation in PV + interneurons, either. As a control, we showed that expressing KRAS G12V can increase ERK activation in vGAT + neurons, strongly suggesting that SHP2 D61G is not coupled to ERK pathway in hippocampal inhibitory neurons. These observations led us to ask whether differential expression of SHP2-interacting molecules could contribute to these cell type-specific phenotypes. Among differentially expressed RAS-ERK genes, we focused on SHP2-binding proteins such as GAB1 and GRB2. GAB1 was shown to be essential for some NS-associated SHP2 mutant-mediated ERK hyperactivation (20, 41) . Previous reports have shown that NS-associated SHP2 mutants showed prolonged interaction with GAB1 compared to that of wild-type SHP2 upon the stimulation with epidermal growth factor (20, 22) . Tyr 627 and Tyr 659 in GAB1 were reported to be important for GAB1 binding to SHP2, and mutations on these residues reduced the activation of the RAS-ERK signaling pathway (35, 38) . We confirmed that GAB1 Y627F suppresses ERK activation in SHP2 D61G -expressing cells. We found that GAB1 Y627F expression reversed SHP2 D61G -mediated deficits in synaptic plasticity and memory in mice, demonstrating that the cell type-specific dysregulation of SHP2 D61G -GAB1-ERK signaling in CaMKII + excitatory neurons causes deficits in an NS mouse model. In addition, our data suggest that SHP2 cannot be coupled to RAS-ERK pathway because of the lower expression level of adaptor proteins GAB1 and GRB2 in inhibitory neurons. Expressing GAB1 and SHP2 D61G was insufficient to increase ERK signaling in vGAT + neurons, but additional GRB2 expression together with SHP2 D61G and GAB1 increased ERK activation in inhibitory neurons. These results also implicate that GRB2 functions as an effector molecule necessary for SHP2-GAB1-mediated ERK activation in excitatory neurons. SHP2 in inhibitory neurons might be involved in regulating other signaling pathways, such as phosphatidylinositol 3-kinase and Janus kinase-signal transducer and activator of transcription pathways, which remain to be explored (42, 43) . In addition, we cannot exclude the possibility that SHP2 D61G in inhibitory neurons caused other phenotypes in plasticity or behavior that we could not detect in this study. Although our results show that SHP2 D61G does not affect RAS-ERK cascade in inhibitory neuron, it is worthy to note that the RAS-ERK cascade, which may be independent from SHP2 in inhibitory neuron, is also critically involved in synaptic plasticity and cognitive function (13, 14) .
It was shown that SHP2 D61G mutation induces aberrant activation of ERK signaling and dysregulates the AMPA receptor expression (23) , which might contribute to the LTP deficit in excitatory neuron-specific SHP2 D61G mice. Consistently, studies from the past few years showed that SHP2-ERK signaling pathway modulates the surface expression of glutamate receptors (44) (45) (46) (47) . However, SHP2 also regulates plasticity and memory through other mechanisms. For example, a study from last year showed that SHP2 phosphatase activity itself might be critical for glutamate receptor trafficking during homeostatic plasticity (48) . It has been reported that a gainof-function SHP2 D61Y mutation attenuates the neuronal activitydependent gene expression, which also can contribute to the deficits in NS (44) . Other studies also suggested that SHP2 regulates NMDA receptor expression or function (24, 45) . In this study, we demonstrated that reducing SHP2 D61G -GAB1 interaction by expressing a dominant-negative GAB1 Y627F successfully restored AMPA/NMDA ratio and rescued LTP deficit. Although the link between the excitatory neuron-specific SHP2 D61G -ERK hyperactivation and LTP deficits still remains to be further investigated, our results suggest that SHP2 D61G impairs LTP by affecting the excitatory synaptic function. Although distinct cell types and different genes are involved in various RASopathies, the therapeutic treatments for RASopathies have been largely focused on directly modulating the RAS-ERK pathway regardless of specific cell type or affected signaling regulators (1, 49, 50) . These approaches were not always successful in treating cognitive dysfunction in patients or mutant mice (14, (51) (52) (53) , and thereby, the development of an alternative effective treatment strategy is required. For example, blocking GABAergic transmission, but not ERK activation, reversed the deficits in LTP and behavior in adult mice expressing KRAS G12V in neurons (14) . Moreover, it has also been shown that RASopathy mutations affect more than RAS-ERK signaling in a mouse model of NS expressing SHP2 D61Y mutation (44) . Here, we demonstrated that selectively manipulating a cell type-enriched regulator, such as GAB1, in the affected cell type was sufficient to improve memory in an animal model of NS. Together, our study suggests that new treatments for cognitive deficits in RASopathies should selectively target the molecules in the affected cell types to gain specificity and effectiveness.
MATERIALS AND METHODS
Mice CaMKII-Cre mice (JAX 005359) were a gift from Y. Y. Kong at Seoul National University (SNU). vGAT-IRES-Cre (JAX 016962) and Ai14 mice (JAX 007914) were purchased from the Jackson laboratory. Mice were maintained by breeding with wild-type C57Bl/6J in the SNU Specific Pathogen Free center (LML08-404). Animals were group-housed (two to four mice per cage) on a 12-hour light/dark cycle in vivarium at Chung-Ang University (CAU) and SNU. All studies were approved by the Animal Research Committees at CAU and SNU.
Viral vectors and AAV packaging SHP2
D61G
-HA was amplified by PCR using the following primers: 5′-cccgctagcgccaccatgacatcgcggagatgg-3′ and 5′-atggcgcgcctcaagcgtaatctggaacatcgtatgggtatctgaaacttttctgctgttg-3′. The sequence for the HA tag is underlined. The PCR product was digested with Nhe I and Asc I and ligated into the pAAV-EF1a-DIO-EYFP-WPRE plasmid. GAB1 Y627F , GAB1 WT , and GRB2-GFP were also digested with Nhe I and Asc I from the cytomegalovirus (CMV)-GAB1 Y627F and pcDNA5/ FRT/TO-GRB2-GFP plasmid and ligated into the pAAV-EF1a-DIO-EYFP-WPRE plasmid. CMV-GAB1 Y627F was a gift from A. Yart (INSERM) (35) . pcDNA5/FRT/TO-GRB2-GFP was a gift from Y. Ye (Addgene plasmid number 86873; http://n2t.net/addgene:86873; RRID: Addgene_86873) (54) . AAV was prepared as previously described (55) . For AAV packaging, HEK 293T cells (1.2 × 10 7 ) were plated on 150-mm culture dishes (Thermo Fisher Scientific 157150) with 15-ml D10 culture medium [Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, SH30243.01) + 10% fetal bovine serum (Thermo Fisher Scientific SH30919.03)] in an incubator at 37°C under 5% CO 2 for 24 hours. Thirteen micrograms of p5E18-RxC1 plasmid and 26 g of pAd-F6 plasmid with 13 g of pAAV plasmid (EYFP, SHP2   D61G   , GAB1   Y627F   , GAB1 WT , and GRB2-GFP) were transfected into HEK 293 T cells by the CaPO 4 transfection method. Cells were washed with DMEM 6 to 8 hours after transfection, and culture medium was replaced with 20-ml fresh D10 medium. After 72 hours, culture medium was harvested for AAV purification. Solutions were stacked in order (from top to bottom) in an ultracentrifuge tube (Beckman Coulter, 324214) as follows: culture medium from each dish, 6 ml of 15% iodixanol (OptiPrep; Axis-Shield, 1045) solution [1 M NaCl, 1 mM MgCl 2 , 2.5 mM KCl, and 25% OptiPrep in phosphate-buffered saline (PBS)], 5 ml of 25% iodixanol solution (1 mM MgCl 2 , 2.5 mM KCl, 0.2% phenol red, and 42% OptiPrep in PBS), 5 ml of 40% iodixanol solution (1 mM MgCl 2 , 2.5 mM KCl, and 67% OptiPrep in PBS), and 4 ml of 60% iodixanol solution (1 mM MgCl 2 , 2.5 mM KCl, and 0.2% phenol red in OptiPrep). Tubes were centrifuged at 69,000 rpm at 18°C for 1 hour using a Beckman UltimaTL-100 K ultracentrifuge and a 70Ti rotor. About 4 ml of 40% iodixanol solution was harvested from the centrifuged column using a 5-ml syringe (KOVAX ND.SY1030-005). The harvested solution was mixed with 11 ml of PBS and filtered with an Amicon ultra-15 filter tube (Millipore, UFC910024), and the filter was washed twice with 15 ml of PBS. The remaining solution was harvested, and viral particles in the solution were quantified using quantitative PCR (qPCR).
Stereotaxic viral injection
Male CaMKII-Cre or vGAT-IRES-Cre mice (7 to 8 weeks) were anesthetized with ketamine/xylazine solution (130 and 10 mg/kg) and mounted on a stereotaxic frame. The hippocampal CA1 region was targeted using the following coordinates: anterior-posterior (AP): −1.8 mm, medial-lateral (ML): ±1.0 mm, dorsal-ventral (DV): −1.7 mm/ AP: −2.5 mm, ML: ±2 mm, DV: −1.8 mm. AAV (0.5 l of 4 × 10 12 vg/ml) was injected into each point. All mice were allowed to recover for a minimum of 3 weeks before further use in experiments. Experimenters were blinded to the type of viral vector injected.
MWM test
The MWM test was performed as previously described (56) . Mice were handled for 3 min at the same time of each day for seven consecutive days before testing. After handling, mice were placed into a gray opaque cylindrical tank (diameter, 140 cm; height, 100 cm) in a room with multiple spatial cues, including a water tap and a computer desk where the experimenter was seated. The tank was divided into four virtual quadrants, and a platform with a diameter of 10 cm was placed at the center of a TQ. The other three quadrants were named according to their relative position to the TQ. The tank was filled with water (20° to 22°C) until the water level was 1 cm higher than the platform. White paint was added to make the water murky. Before the first trial on training day 1, each mouse was placed onto the platform for 30 s. On training days, mice were released at the edge of the maze facing the inner wall of the tank and trained to reach the platform for 60 s. The release point was chosen at random for each trial. When mice failed to reach the platform, they were guided or placed onto the platform for 10 s and subsequently rescued from the maze. When mice successfully reached the platform and stayed on the platform more than 1 s, they were rescued from the maze after 10 s. Mice were trained with four trials per day for five consecutive days, and the interval between trials 1 and 2 or trials 3 and 4 was 1 min; between trials 2 and 3, the interval was 30 to 45 min. Probe tests were performed under the same conditions as the training trials, except the platform was absent, and mice were tracked for 1 min with a tracking program (EthoVision 3.1; Nodulus). The first probe test was performed on training day 4 before training, after which mice were trained for two more days. The second probe test was performed 24 hours after the training trials on training day 5. Experimenters were blinded to the type of viral vector injected in each mouse.
OPR test
Mice were handled for 5 min at the same time for four consecutive days and habituated in a cube-shaped acrylic box (32 cm by 32 cm by 32 cm) for 15 min for another 2 days before performing the test. One side of the box included a triangle-shaped local cue. In the training phase, mice were placed in the box containing two identical 100-ml glass bottles and were allowed to explore the objects for 10 min. Either 1 or 24 hours after training, in the test phase, mice were reexposed to the box containing the object that stayed in the same location and the other object that shifted to a new location. All locations for the objects were counterbalanced among groups, and objects were cleaned between trials. Sessions were videotaped and later analyzed manually. Experimenters were blinded to the type of injected viral vectors.
fEPSP recording fEPSP recordings were performed as previously described (23) . Mouse brains were sliced into sagittal sections (thickness, 400 m) with a vibratome (Campden, 7000 smz-2) and incubated in artificial cerebrospinal fluid (ACSF; 120 mM NaCl, 3.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 10 mM glucose, and 26 mM NaHCO 3 , oxygenated with 95% O 2 and 5% CO 2 ) at room temperature for at least 30 min before the recording. Slices were transferred into a recording chamber, and fEPSPs were recorded from Schaffer collaterals in the CA3-CA1 pathway. A stimulation intensity of 30% of the maximum response was selected for these studies. Input-output ratios were presented by measuring the fEPSP slope at stimulation intensities (0 to 100 A). The PPF ratio was analyzed over different intervals (10, 25, 50, 100, 200 , and 400 ms). LTP was induced using a TBS protocol (four bursts, where each burst consisted of four pulses at 100 Hz and 200-ms interburst intervals). Data were recorded and analyzed using WinLTP software (WinLTP Ltd., Bristol, UK). Experimenters were blinded to the type of viral vector injected into each mouse.
Whole-cell patch-clamp recording
Transverse hippocampal slices (350 m) were prepared using a vibratome (Leica, VT1200S) in ice-chilled slicing solution that contained 210 mM sucrose, 3 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 5 mM MgSO 4 , 10 mM d-glucose, 3 mM sodium ascorbate, and 0.5 mM CaCl 2 , saturated with 95% O 2 and 5% CO 2 . The slices were transferred to an incubation chamber that contained the recording solution (ACSF: 124 mM NaCl, 3 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2 mM MgSO 4 , 10 mM d-glucose, and 2 mM CaCl 2 , carbonated with 95% O 2 and 5% CO 2 ). Slices were allowed to recover at 32° to 34°C for 30 min and then maintained at 26° to 28°C for a minimum of 1 hour before recordings were made. Whole-cell patch-clamp recording performed at 32°C during continuous perfusion at 3 to 4 ml/min with ACSF that contained 100 M picrotoxin (HelloBio) to prevent GABA A R transmission. CA1 pyramidal cells were visualized with infrared-differential interference contrast optics (Olympus). The whole-cell solution comprised 8 mM NaCl, 130 mM CsMeSO 3 , 10 mM Hepes, 0.5 mM EGTA, 4 mM Mg-adenosine triphosphate, 0.3 mM Na 3 -guanosine triphosphate, 5 mM QX-314, and 0.1 mM spermine. The pH was adjusted to 7.2 to 7.3 with CsOH, and osmolality was set to 285 to 290 mOsm/liter. Schaffer collateralcommissural pathway was stimulated at a constant frequency of 0.1 Hz. Borosilicate glass pipettes were used with a resistance of 4 to 6 megohms, and experiments were only accepted for analysis if series resistance values were <25 megohms and varied by 20% during the course of experiment. Signals were filtered at 10 kHz and digitized at 20 kHz using Multiclamp 700B (Molecular Devices). The peak amplitude of evoked EPSCs (pA) was monitored and analyzed using WinLTP and Clampfit. Cells were clamped at a holding potential of −70 mV to measure the peak of AMPAR-mediated synaptic transmission. NMDAR currents were measured at 50 ms after the stimulation onset. Averages of 15 consecutive responses obtained at these holding potentials were used for the AMPA/NMDA ratio calculation. . Slices were then washed thrice with PBS (5 min per wash) and mounted between a slide glass and coverslip with Vectashield with DAPI (Vector Laboratories, H-1200). Slice images were acquired using a Zeiss LSM-700 confocal microscope with Zen software. Images were analyzed using ImageJ. During imaging and analysis of imaged data, experimenters were blinded to the type of viral vector injected into each mouse.
Immunohistochemical analysis
Library preparation and RNA-seq
Hippocampi were rapidly dissected from adult (8-to 9-week-old) male CaMKII-Cre;Ai14 (tdTomato) and vGAT-IRES-Cre;Ai14 (tdTomato) mice, followed by the incubation in trypsin [0.05% in Hanks' balanced salt solution (HBSS)] for 10 to 15 min at 37°C. Cells from both hippocampi from a mouse were pooled. Two mice were used for each group. Fluorescent cells were manually collected using a glass pipette. After washing in HBSS, collected cells were directly lysed with cell lysis buffer containing a ribonuclease inhibitor, following the manufacturer's instruction of SMART-seq v4 (Ultra Low Input RNA Kit, Clontech Laboratories Inc.). After generation of cDNA, the construction of the library was performed by using Nextera XT DNA library prep kit (Illumina Inc.) according to the manufacturer's instructions. High-throughput sequencing was performed as pairedend sequencing using HiSeq 2500 (Illumina Inc.). The list of qPCR primers used is listed in table S4.
Bioinformatic analyses
Transcript quantification of RNA-seq reads was performed with Cufflinks (ver. 2.1.1) by reads aligned to Ensemble v73 mouse transcriptome annotation (GRC.38.p1/Ensembl v73) using Bowtie2 (ver. 2.1.0) (57) . The resulting alignments were used for assembling transcripts, estimating their abundances, and detecting differential expression of transcripts. Differentially expressed transcripts were determined on the basis of FPKM counts from unique and multiple alignments using EdgeR package in R (ver. 3.2.2). The FPKM values were processed on the basis of the quantile normalization method using Genowiz (ver. 4.0.5.6; Ocimum Biosolutions). Transcripts having greater than twofold change and P < 0.015 in any comparison were considered significantly differentially expressed and used for further analysis. Functional annotation and pathway analyses were performed by using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.ncifcrf.gov/ home.jsp) and KEGG pathway, and the statistical significance level was set to a false discovery rate of < 0.25.
Statistical analysis
For MWM data, we used a two-way repeated measures ANOVA to determine whether there was a significant effect produced by the injected virus (EYFP versus SHP2 D61G ), with Bonferroni posttests to compare quadrant occupancies. Proximity measures between two groups were analyzed by an unpaired two-tailed t test. Learning curves were analyzed using a two-way repeated measures ANOVA. LTP data were analyzed using a repeated measures ANOVA, an unpaired two-tailed t test on averaged data collected in the last 10 min of recording, and a two-way ANOVA on averaged data collected in the last 10 min of recording, with Bonferroni posttests. For IHC data, one-way ANOVA with Newman-Keuls multiple comparison posttest was used to compare % of p-ERK1/2 + cells among viral constructexpressing cells. Robust regression and outlier removal (ROUT) test (Q = 0.5%) was used to identify outliers by using a software (GraphPad Prism 7.0) (58). Data distribution was assumed to be normal, but normality was not formally tested. All data are presented as means ± SEM.
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